Environmental stimuli and conditioned cues associated with heroin can induce drug-seeking behavior, but how heroin lapse interacts with cues is unclear. Rats were trained to nose-poke for i.v. heroin for 14 days and then tested for heroin seeking after withdrawal from heroin self-administration. Heroin seeking induced by cues persisted over several weeks after withdrawal, and the responding was not easily extinguished after 4 weeks withdrawal. 
INTRODUCTION
Opiate addiction is a chronically relapsing disorder that is characterized by compulsive drug taking. High rates of relapse to drug use following prolonged withdrawal periods remains the primary problem for the treatment of heroin abuse [1] . There are basically two theories: one is incentive, sensitization to drugs of abuse [2] and the other is the hypofunction of reward during withdrawal [3] , which have opposite views on the role of brain reward pathways in mediating relapse to drug seeking [4] . Although addicts often report that craving and relapse are associated with negative affective withdrawal [3] , it is unclear to what extent opiate withdrawal functions as a motivational state that can explain relapse occurring during protracted abstinence [5] .
In animals, discrete conditioned stimuli that are paired with heroin injections provoke relapse to drug seeking when they are reintroduced into the original conditioning context [6] . Re-exposure to the formerly abused drug often precipitates drug-seeking in rats even after a period of extinction of the drug-reinforced behavior [7] . However, little attention has been paid to how the heroin lapse interacts with conditioned cues or environment cues associated with past drug use. It has been argued that prolonged extinction training may lead to a reduction in the efficacy of drug or cues to reinstate drug seeking [8] . In the clinical case, relapse is rarely, if ever, preceded by the elimination of drug seeking behavior through an extinction process, as is the case in the laboratory [9] . The responding to drug seeking induced by cues related to drug use will be masked by the extinction training that the new powerful learned association are formed between no drug availability and specific environmental stimuli. Therefore, the present study was designed to observe the renewal of heroin seeking induced by the contextual cues and conditioned cues after different withdrawal periods, and the effect of a single injection of heroin on heroin seeking behavior after long-term withdrawal.
MATERIALS AND METHODS
Male Sprague-Dawley rats provided by the Experimental Animal Center of Zhejiang Province and weighing 230-250 g were used throughout the present study. All surgical procedures were performed with the animals under sodium pentobarbital anesthesia (50 mg/kg, i.p.). Catheters were implanted into the jugular vein as described [10] . Procedures were approved by the Experimental Animal Care and Use Committees of Zhejiang province. Diacetylmorphine (heroin) was obtained from National Institute of Forensic Science, China.
Rats were trained to self-administer heroin in operant chambers equipped with two nose pokes (ENV-114 M, Med Associates, Lafayette, IN) under a progressive reinforcement schedule for 4 h daily. Each trial began with illumination of a green light (inside the nose-poke hole) that served as the discriminative stimulus. Responding in the active hole resulted in the infusion of heroin (0.05 mg/kg). The discriminative light was then turned off and an infusion was delivered by an infusion pump (PHM-100, Med Associates, Lafayette, IN) accompanied by a click of an electrical switch. The injection was followed by a 30 s intertrial interval (time out) before another trial began. Responding in the inactive hole had no consequences. The response requirement for heroin injection was increased one step after each five trials or heroin injections. Each earned heroin injection was also paired with a 5 s red light (inside the nose-poke) and a cue-light (located in the middle of the same panel with the nose pokes) that served as the conditioned stimuli. The apparatus was controlled by an IBM-compatible PC running a program written in Pascal (Borland Delphi 6.0).
Rats were transferred daily to operant cages and returned to their individual home cages after each session. Training sessions were conducted daily for 14 consecutive days, and sessions ended after 4 h or 25 heroin injections, whichever occurred first. The rats were withdrawn from heroin for 1 week (n ¼ 12), 2 weeks (n ¼ 12), or 4 weeks (n ¼ 32), during which time they lived in their individual home cages.
On the test day, the rats were reintroduced into operant cages for two consecutive 1 h sessions. In the first phase the drug-seeking behavior induced by contextual (environmental) cues was measured, the rats were allowed to nose-poke for 1 h with all the light signals kept off. The conditioned cues induced drug-seeking was conducted immediately following the first phase, signaled by a 5 s presentation of cue-lights that had previously accompanied with heroin injection. Each nose-poke resulted in another presentation of the discrete conditioned stimuli [11] . For half of the rats in 1 week or 2 weeks withdrawal group heroin (0.25 mg/kg, s.c.) was administered 10 min before the test, and the other half of each group received a saline injection. Rats at 4 weeks withdrawal were divided four groups (n ¼ 8 in each group), and s.c. saline, 0.05, 0.25 or 1 mg/kg heroin was administered respectively 10 min before the test. Following this first test, the saline primed rats received two more identical tests separated by 1 week with no training or testing. Thus, all the saline primed rats received 3 tests over 3 weeks, with the tests beginning 1, 2 and 4 weeks following the end of selfadministration training.
Data are expressed as mean 7 s.e.m. and repeated measures ANOVAs were used to compare the number of responses made by the different withdrawal time, repeated testing and different dose of heroin pretreatment during the test for relapse. When there were significant main effect or significant interaction, specific mean differences were identified using LSD multiple comparison procedure with a ¼ 0.05.
RESULTS
Effect of withdrawal period on drug seeking behavior: At the end of self-administration training the rats earned on average 25 infusions in 166.7 7 6.7 min with 84.6 7 2.0 active responses per session vs 2.9 7 1.0 inactive (nondrug-paired) responses. Drug seeking following withdrawal appeared to be selective. Thus, enhanced responding only occurred in the hole previously associated with drug infusion and not in the inactive hole. The nose-poke responses induced by contextual cues were minimal in rats deprived of heroin for 1 week. More responding to the contextual cues was observed in rats that had been deprived for 2 or 4 weeks (Fig. 1b,c) . The reintroduction of the conditioned cues after 1 h of testing increased responding at all three withdrawal time points (Fig. 1 ). There were no differences among the three withdrawal groups on conditioned cue responding (p 4 0.05). Figure 1 shows that drugseeking responses induced by contextual or conditioned cues in saline primed rats were gradually attenuated by the repeated testing in the 1 week or 2 weeks withdrawal groups. In contrast, in the 4-week withdrawal group responding remained high during the second test and decreased only in the third test (Fig. 1c) .
Effect of heroin lapse on drug seeking: Rats in the 1 week or 2 weeks withdrawal group were given a single noncontingent injection of heroin (0.25 mg/kg, s.c.), where appropriate, the contextual cues induced responding in the active hole were 24.3 7 6.6 and 52.8 7 8.5 respectively, which were increased significantly compared to those in the saline-treated animals (n ¼ 6, both p o 0.05), but not in the inactive hole. Heroin lapse did not change the responses induced by conditioned cues during 1 week and 2 weeks withdrawal (data not shown). Figure 2 shows the mean number of responding on the active or inactive hole made during the 2 h tests when a single non-contingent injection of heroin was given in the 4-weeks withdrawal rats. The repeated measures ANOVA revealed a significant effect of heroin pretreatment condition (F(3,28) ¼ 21.2, p o 0.001) and of pretreatment condition Â test condition (F(3,28) ¼ 19.1, p o 0.001). These analyses indicated that priming injection of heroin decreased the responding induced by contextual cues in a dose-dependent fashion, and responding in the inactive hole was unchanged by exposure to heroin (0.05, 0.25 mg/kg), but responding in the inactive hole was decreased following high dose heroin (1 mg/kg) injection compared with saline injection (Fig. 2a) . Low dose heroin pretreatment (0.05 or 0.250 mg/kg) suppressed the responding induced by conditioned cues, but not at the high dose. The heroin lapse did not change the responses on the inactive hole induced by conditioned cues (Fig. 2b) .
DISCUSSION
The present results show that heroin seeking behavior persisted over several weeks after abrupt withdrawal when rats were returned to the drug paired environment and presented continuously with conditioned stimuli. Our results are consistent with clinical observations in humans that patients can report cravings when returning to their usual injection environment, or by re-exposure to conditioned stimuli previously associated with drug, even after prolonged periods of abstinence [1, 3] . The low relapse rates to addiction among returning Vietnam veterans support the power of environmental cues [12] .
The finding that the drug-seeking behavior induces by cues was not easily extinguished after prolonged withdrawal. Indeed, extinction training produces a progressive loss of drug-seeking behavior [6] . In the present study, the drug-seeking behavior could be easily extinguished after repeated test in early stage of withdrawal. Thus, with respect to the neuroadaptations produced by long-term withdrawal, the neutral environmental stimuli may acquire the ability to keep the drug-seeking in addicted subjects when presented in the absence of the drug [4] . Analysis of the brain changes responsible for the persistent craving observed in this animal model may help to explain the heroin relapse.
Generally, heroin priming is one of the most powerful events for reinstating heroin seeking behavior [13] . The present results showed that at the early stages of withdrawal, drug-seeking behavior elicited by contextual cues was enhanced by heroin lapse. It has been proposed that the sensitizing effects of drugs of abuse may enhance their incentive motivational properties and play an important role in the persistence of drug seeking behavior [14] . Our present results, however, showed that the heroin lapse did not promote an additive or synergistic effect on responding induced by conditioned cues. It is possible that conditioned cues and drug exposure provide the identical motivation for drug-seeking in early withdrawal. Thus, a sensitized state on heroin injection may increase the vulnerability to relapse during early phase of withdrawal.
The major finding in the present report is that a single non-contingent injection of heroin was able to inhibit responding elicited by contextual cues in a dose-dependent fashion after long-term withdrawal, which can be accounted for by the direct pharmacological properties of the heroin. Activation of the m-opioid receptor and dopaminergic system are critically involved in heroin reinforcement and reward [15] . Therefore, late in withdrawal, both D1 and D2 selective agonists cannot induce heroin relapse [5] . Considerable evidence points to activation of D1 receptor as a crucial neural substrates for the motivating effects of drugrelated environmental cues [16] . Suppressing environmental cue-induced drug-seeking by heroin may be due to the D1-dependent mechanisms. Moreover, the conditioned cues induced relapse to heroin seeking were suppressed by low dose of heroin, but not by high dose of heroin. A more likely interpretation of the data may be that the neural substrates involved in drug-seeking induced by high or low dose heroin are not identical. Given the role of endogenous opioids in mood modulations, up-regulated m-opioid receptors may contribute to dysphoria or craving in cocaine cessation [17] . Furthermore, growing evidence suggests that dysregulation of CRF in the amygdala not only induced the relapse but also mediated anxiogenic effects during withdrawal [4, 16] . In this sense, falling levels of opiate during withdrawal from heroin self-administration may result in the up-regulation of m-opioid receptor and CRF levels, then trigger severe dysphoria after prolonged withdrawal. The clinical data indicate that an addict is compelled to continue using heroin in order not to suffer protracted abstinence symptoms [18] . Our findings may have implications for a pharmacological intervention on heroin relapse in human. Therefore, we propose that the substitution of socially approved reinforcers may prove to be a useful strategy to prevent relapse to drug seeking long after withdrawal.
CONCLUSION
The present study has demonstrated that heroin seeking induced by drug-associated cues persisted over a 4-week period after abrupt withdrawal, and greater resistance to extinction of responding was observed after long-term withdrawal. Re-exposure to low dose of heroin suppressed drug-seeking behavior elicited by contextual and conditioned cues during the late phase of withdrawal, which are consistent with the clinical evidence. The results suggest 
